The hepatocyte growth factor-regulated tyrosine kinase substrate, Hrs, becomes tyrosine-phosphorylated upon the binding of various growth factors and cytokines to their receptors. This protein is essential for ventral folding morphogenesis, and it shares structural similarity with Vps27p, which is involved in vacuolar protein sorting in yeast. Since Hrs is localized to endosomes and has been implicated in the regulation of signal transduction as well as membrane trafficking, it has been regarded as a potential co-ordinator of endosomal receptor sorting and signalling. Here we discuss the possible functions of Hrs in light of its interactions with phosphatidylinositol 3-phosphate and multiple proteins.
Introduction
Signalling from growth factor receptors determines cell proliferation, differentiation and survival. Two cellular events usually follow binding of a growth factor to its cell surface receptor: the receptor transmits an intracellular signal (typiKey words: endocytosis, endosome, phosphoinositide, signal transduction. Abbreviations used: AMSH, associated molecule with the SH3 domain of STAM: EGF, epidermal growth factor: GM-CSF, granulocyte/macrophage colony-stimulating factor; HGF. hepatocyte growth factor; Hrs, HGF-regulated tyrosine kinase substrate; ITAM, immunotyrosine-based activation motif; Jak Janus kinase; PDGF, platelet-derived growth factor; P13P, phosphatidylinosiol3-phosphate; SARA, Smad anchor for receptor activation: SH3, SK homology 3; SNAP-25,25 kDa synaptosome-associated protein: SNARE, soluble N-ethylmaleimide-sensitive factor attachment protein receptor: Snxl, sorting nexin I ; STAM, signaltransducing adaptor molecule; TGF-/?, transforming growth factor-/?. 'To whom correspondence should be addressed (e-mail stenmark@ulrikuio.no).
cally, the initiation of a phosphorylation cascade), and it becomes internalized by endocytosis. Following endocytosis, the receptor-ligand complex is delivered to an early endosome, from which it may be recycled back to the plasma membrane or transported further along the endocytic pathway to lysosomes for degradation [l] . Endocytosis and lysosomal degradation thus function in the ligand-induced down-regulation of receptors, but endocytosis also plays another role in receptor signalling : recent evidence indicates that at least some growth factors are able to signal from their receptors after the receptor-ligand complex has been endocytosed [2,3]. This raises the possibility that endosome-specific molecules may modulate receptor signalling. Here we discuss the properties of the hepatocyte growth factor (HGF)-regulated tyrosine kinase substrate, Hrs, an essential protein that seems to co-ordinate receptor trafficking and signalling from early endosomes.
Hrs, an essential tyrosine kinase substrate
Hrs was identified as a major tyrosine-phosphorylated protein in melanoma cells that had been treated with H G F [4]. The protein is ubiquitously expressed, and its tyrosine phosphorylation is caused not only by HGF, but also by epidermal growth factor (EGF), platelet-derived growth factor (PDGF), interleukin-2 and granulocytemacrophage colony-stimulating factor (GM-CSF) [4,5]. The phosphorylation site has not been identified, and it is also not known which kinase is responsible. Since Hrs phosphorylation is induced by multiple ligands whose receptors differ widely, Hrs is probably phosphorylated by a tyrosine kinase that functions downstream of various kinds of activated receptors.
The Interface of Receptor Signalling and Traficking
Targeted disruption of Hrs in mice is embryonic lethal at the 1 1 -day stage, demonstrating that Hrs is an essential protein [6] . In early Hrs-'-embryos, the folding of ventral structures is affected, and the embryonic cells contain enlarged endosomes. Because cell proliferation appeared to be unaffected in the Hrs-'-embryos, it has been suggested that defective membrane trafficking may underlie the observed effects on ventral folding morphogenesis. On the other hand, when Hrs was replaced by a C-terminal deletion mutant, the mouse embryos died between days 8.5 and 10.5 [7] . As these early embryos showed decreased responses to activin and transforming growth factor$ (TGF-P), it was suggested that impaired signalling through TGF-/3 receptors may underlie the observed phenotype. Since membrane trafficking and signal transduction are linked processes, further studies are required in order to resolve whether Hrs is required for receptor trafficking, signalling, or both.
H r s is an endosomal multidomain protein that is conserved throughout evolution
Hrs is a 115 kDa protein that is localized to the cytoplasmic face of early endosomes and multivesicular bodies [4, 8] . A highly related protein, Hrs-2, which contains a different C-terminus than Hrs, has so far only been detected in the rat. Hrs consists of several distinct domains (Figure l) , including an N-terminal VHS domain, a FYVE domain, two coiled-coil domains and proline-and proline/glutamine-rich domains. T h e functions of most of these domains are not known, but the FYVE domain has been demonstrated to bind specifically to the membrane lipid phosphatidylinositol 3-phosphate (PI3P) [9] . Since PI3P is localized on the limiting membrane of early endosomes [lo] , the FYVE domain may participate in the subcellular targeting of Hrs to these membranes. While the FYVE domain is mainly cytosolic when expressed alone, a construct consisting of the FYVE domain and the second coiled-coil domain of Hrs is targeted efficiently to early endosomes ([l Oa] and H . Stenmark, unpublished work). These domains thus appear to act cooperatively to target Hrs to endosomes via binding to PI3P and some unidentified endosomal membrane molecule. In accordance with this, when the phosphatidylinositol 3-kinase that produces PI3P is inhibited, Hrs becomes cytosolic [ l l ] . Surprisingly, however, Hrs isolated from cytosol does not bind to PI3P-containing membranes in vitro [12] . Since Hrs is present in a high-molecularmass complex in cytosol [13] , it is possible that other molecules regulate the exposure of the FYVE domain.
Hrs-like proteins can be found in both nematodes and fruit flies, indicating that Hrs is evolutionarily conserved. Even the budding yeast Saccharomyces cerevisiae and the fission yeast Schizosaccharomyces pombe express putative Hrs homologues, although the similarity is confined mainly to the N-terminal VHS and FYVE domains. Interestingly, the putative Saccharomyces cerevisiae Hrs homologue, Vps27p, resides on endocytic structures and has been implicated in vacuolar protein sorting [14] . This agrees with the idea that Hrs may be a regulator of endocytic membrane trafficking. 
Hrs interacts with multiple molecules implicated in membrane trafficking and signalling
The multidomain organization of Hrs suggests that it may be capable of multiple molecular interactions, and biochemical data support this notion. [20, 21] . STAM and STAMZ contain an SH3 (Src homology 3) domain, as well as an immunoreceptor tyrosine-based activation motif (ITAM), and, like Hrs, they become tyrosine phosphorylated upon growth factor or cytokine stimulation of cells. STAM and STAMZ associate with Janus kinases (Jaks) through their ITAM domains, and both proteins appear to act downstream of Jak2 and Jak3 in cytokine signalling in the regulation of DNA synthesis and c-myc induction [21, 22] . It is not known how STAM and STAMZ transmit cytokine signalling to the nucleus, but a STAMinteracting molecule, AMSH (associated molecule with the SH3 domain of STAM), may provide such a link, as it contains a possible activationdomain-binding region and appears to regulate DNA synthesis and c-myc induction [23] . STAM/ STAM2 and AMSH thus represent a potential pathway for the induction of myc observed in interleukin-2-and GM-CSF-stimulated cells.
Besides participating in cytokine signalling, there is also evidence that STAMZ regulates the trafficking of receptor tyrosine kinases. STAMZ mutants lacking the SH3 or Hrs-binding domains interfere with the degradation of PDGF and its receptor 1201, and a chicken homologue of STAM2 has been found complexed to the EGF receptor, as well as to the endocytosis regulator EpslS [24] . Interestingly, Epsl5 also interacts with Hrs-2 via a distinct domain 1251. STAM/ STAM2, Epsl5 and Hrs/Hrs-2 might therefore potentially form a cross-linked complex, although this remains to be investigated.
In addition to STAM2 and EpslS, another protein implicated in EGF receptor trafficking has also been found to interact with Hrs. Snxl (sorting nexin 1). a protein that binds to the domain of the EGF receptor that confers lysosomal targeting, binds to Hrs, and the two proteins can be found in a large ( 5 550 kDa) complex in the cytosol [13] . The part of Snxl that binds to Hrs overlaps with the EGF-receptor-binding region, and the three proteins are not found in the same complex. Since overexpression of Hrs inhibits the degradation of the EGF receptor, it has been suggested that Hrs may serve as a negative regulator of the trafficking of EGF receptors to lysosomes [13] .
A possible link between Hrs function and the cytoskeleton has been suggested by the finding that the C-terminus of Hrs interacts with schwannomin (also called merlin), a protein that belongs to the ezrin/radixin/moesin family of actin-binding proteins [26] . Schwannomin is localized to early endosomes as well as to the plasma membrane, and has been shown to bind both to clathrin and to /3II-spectrin. It remains to be studied whether interactions between Hrs and schwannomin are involved in cytoskeletal regulation.
A recent finding implicates Hrs in signalling downstream of the TGF-/3 receptor. The Cterminus of Hrs was found to interact with Smad2 and Smad3 proteins, which are known to transmit signals by activated TGF-/3/activin receptors [7] . Previously, another FYVE domain protein, SARA (Smad anchor for receptor activation), has been shown to act as a scaffolding protein that presents 
Concluding remarks
Hrs appears to play a central role in several molecular events that take place on endosome membranes. Since multiple proteins interact with overlapping regions of Hrs (see Figure l) , it will be important to determine if they interact competitively, or if Hrs can interact simultaneously with many proteins. Likewise, it will be important to study whether the molecular interactions of Hrs are regulated by its phosphorylation. Although the functional consequence of Hrs phosphorylation is not known, it may be of significance that the phosphorylation is prevented when endocytosis is inhibited, and that phosphorylated Hrs is found exclusively in the cytosol [l 13. T h e multiple interactions of Hrs suggest that it has multiple functions as a co-ordinator of endocytic trafficking and signal transduction. Further studies are needed in order to clarify these functions.
Note added in proof (received 8 June 200 I)
A recent resequencing of the Hrs-2 DNA has revealed that the published sequence is incorrect, and that ' Hrs-2 ' is actually identical with Hrs [28] .
